Metastasis to bone, liver and lungs is the primary cause of death in breast cancer patients. Our studies have revealed that the novel tumor suppressor Pdcd4 inhibits breast cancer cell migration and invasion in vitro. Loss of Pdcd4 in human nonmetastatic breast cancer cells increased the expression of lysyl oxidase (LOX) mRNA. LOX is a hypoxia-inducible amine oxidase, the activity of which enhances breast cancer cell invasion in vitro and in vivo. Specific inhibition of LOX activity by b-aminopropionitrile or small interfering RNA decreased the invasiveness of T47D and MCF7 breast cancer cells attenuated for Pdcd4 function. Most significantly, loss of Pdcd4 augments hypoxia induction of LOX as well. Conversely, overexpression of Pdcd4 significantly reversed the hypoxia induction of LOX expression in T47D cells attenuated for Pdcd4. However, Pdcd4 did not affect hypoxia-inducible factor-1 (HIF-1) protein expression or HIF-1-responsive element-luciferase activity in response to hypoxia, suggesting that Pdcd4 regulation of LOX occurs through an HIF-independent mechanism. Nevertheless, the loss of Pdcd4 early in cancer progression may have an important role in the increased sensitivity of cancer cells to hypoxia through increased LOX activity and concomitant enhanced invasiveness.
Introduction
Metastasis is the primary cause of mortality in breast cancer patients (Kang, 2005) . Understanding the mechanisms of breast cancer invasion and metastasis is therefore vital for designing effective therapeutic interventions to prevent the spread of this disease. Increasing evidence suggests that the tumor microenvironment is as important as the intrinsic properties of tumor cells in determining tumor progression and patient prognosis.
An important characteristic of the microenvironment of solid tumors is the decreased availability of oxygen, a condition known as hypoxia (Schindl et al., 2002; Yagata et al., 2003; Kronblad et al., 2006) . In fact, 25-40% of invasive breast cancer samples score positive for hypoxia markers (Vleugel et al., 2005; Chen et al., 2007; Groep et al., 2008) . A hypoxic microenvironment results in significant reprograming of the gene expression profile in these tumor cells (Lundgren et al., 2007) . Expression of hypoxia-responsive genes affects a wide range of cellular functions including metabolism, cell survival and cancer cell-extracellular matrix interactions through increased angiogenesis, migration and metastasis. Thus, sensitivity to hypoxia is an important determinant for multiple stages of carcinogenesis and for response to antitumor treatments.
Although Pdcd4 (also known as MA-3, TIS, H731 and DUG) was first identified as differentially upregulated during apoptosis, recent experimental evidence establishes it as a novel tumor suppressor (Cmarik et al., 1999; Bitomsky et al., 2004; Goke et al., 2004b; Jansen et al., 2005; Leupold et al., 2007) . Pdcd4 is a ubiquitously expressed protein that is lost during carcinogenesis. Pdcd4 suppresses transformation in mouse JB6 cells and tumorigenesis in engineered mouse models (Yang et al., 2001 (Yang et al., , 2003a Jansen et al., 2004) . In addition, Pdcd4 expression is often decreased in progressed carcinomas of the lung, ovary, breast, colon and prostate (Chen et al., 2003; Jansen et al., 2004; Goke et al., 2004a; Wen et al., 2007; Lu et al., 2008; Li et al., 2009) . The only direct molecular role identified thus far for Pdcd4 is as an mRNA-selective regulator of translation. Pdcd4 binds to and inhibits the formation and function of the eIF4F translation initiation complex, which is crucial for efficient cap-dependent mRNA translation; (Yang et al., 2003a (Yang et al., , 2004 Zakowicz et al., 2005; LaRonde-LeBlanc et al., 2007; Waters et al., 2007) . Although those specific mRNAs the translation of which is inhibited by Pdcd4 are yet unknown, a significant consequence of this direct translational regulation is the indirect but specific downstream effects of Pdcd4 on cell signaling cascades and oncogenic mRNA transcription. For instance, Pdcd4 inhibits AP-1-mediated transcription in a concentration-dependent manner but does not inhibit nuclear factor-kB-mediated transcription (Yang et al., 2001) . Recent evidence shows that Pdcd4 regulates transcription of genes involved in microenvironment remodeling. Pdcd4 inhibition of transcription of MAP4K1(HPK1), an upstream activator of the AP-1 signaling pathway, contributes to a decrease in the invasive properties of colon carcinoma cell lines (Yang et al., 2006) . Allgayer and co-workers demonstrated that Pdcd4 inhibited urokinase plasminogen-activator receptor transcription to regulate invasion and intravasation in colon carcinoma cells and tissues Mudduluru et al., 2007) . More recently, Pdcd4 overexpression was shown to inhibit prostaglandin E2 and interleukin-8-induced breast cancer cell invasion through increased expression of the tissue inhibitor of metalloproteinase-2 (Nieves- Alicea et al., 2008) . Thus, Pdcd4 inhibition of the expression of specific oncogenes is functionally significant in tumor progression.
Profiling of genes regulated by Pdcd4 during breast cancer cell progression has implicated lysyl oxidase (LOX). LOX is a copper-dependent amine oxidase the activity of which is vital for the formation and homeostasis of the extracellular matrix (Kagan and Trackman, 1991; Rucker et al., 1998; Kagan and Li, 2003) . LOX is expressed as a 50 kDa proenzyme. After glycosylation, the 58 kDa protein is secreted from the cell. On secretion into the extracellular matrix, the proenzyme is processed by procollagen proteases, such as bone-morphogenic protein-1, to yield the 32 kDa mature active form of the enzyme. LOX oxidatively deaminates the amino group of specific peptidyl lysine and hydroxylysine residues of collagen and of lysine in elastin. The resulting peptidyl aldehydes spontaneously condense to form inter-and intramolecular crosslinkages stabilizing the fibrous form of these connective tissue structural proteins. Thus, the normal enzymatic activity of LOX is essential for maintaining tissue structural integrity. Aberrant LOX activity on the other hand can lead to connective tissue disorders including cutis laxa, Menke's syndrome and ateriosclerosis (Smith-Mungo and Kagan, 1998) .
Although little is known about the regulation of LOX in cancer, recent studies indicate that hypoxia in the tumor microenvironment increases LOX expression and activity (Denko et al., 2003; Erler and Giaccia, 2006; Postovit et al., 2008) . This hypoxia-induced LOX enhances in vitro invasion, migration and metastasis in breast cancer (Kirschmann et al., 2002; Payne et al., 2005; . This study provides novel insight into the Pdcd4 suppression of breast cancer cell invasion in response to a hypoxic microenvironment. We demonstrate that this invasion-suppressing function of Pdcd4 is at least in part mediated through the negative regulation of the expression and activity of the hypoxia-responsive extracellular matrix enzyme, LOX.
Results

Pdcd4 inhibits migration and matrigel invasion of breast cancer cells
Consistent with its role as a tumor suppressor, loss of Pdcd4 correlates with increased cancer progression (Jansen et al., 2004) . Cell lines such as T47D and MCF7, derived from less aggressive, nonmetastatic breast tumors, demonstrate higher levels of Pdcd4 protein. In contrast, the MDA-MB-231 and Hs578T cell lines that were derived from aggressive tumors and possess a highly invasive phenotype demonstrate negligible levels of Pdcd4.
We have previously demonstrated that Pdcd4 inhibits colon cancer cell migration and invasion (Yang et al., 2006; Leupold et al., 2007; Mudduluru et al., 2007) . To determine whether Pdcd4 also has an inhibitory role in breast cancer cell progression, we stably expressed short hairpin RNA directed against Pdcd4 in the relatively noninvasive T47D and moderately invasive MCF7 breast cancer cell lines. Parental cells were infected with retrovirus packaged with pFB-Neo-shPdcd4. After antibiotic selection, Pdcd4 downregulation was verified by western blot in pooled ( Figure 1a ) and single subclones of the cell lines (Figures 1b and c) . Cells infected with an short hairpin RNA with a scrambled sequence that does not target Pdcd4, as well as parental T47D and MCF7 cells, were used as controls. The effect of Pdcd4 on tumor cell migration and invasive potential in vitro was assayed using a modified Boyden chamber assay. (Figure 1d ). In all subsequent text, 'invasiveness' or 'invasive potential' refers to the ability of cells to invade through matrigel in vitro.
Pdcd4 inhibits LOX expression
To identify genes that mediate the activity of Pdcd4 in suppressing cancer progression, we used small interfering RNA (siRNA) technology to transiently knockdown Pdcd4 expression in the noninvasive breast cancer cell lines T47D and MCF7. Preliminary microarray profiling identified LOX mRNA as being upregulated by Pdcd4 knockdown (not shown). Western blot and quantitative reverse transcription-PCR (RT-PCR) analysis were conducted to validate the downregulation of Pdcd4 and the concurrent upregulation of LOX mRNA and protein levels. Briefly, cells were transfected with 5 nM siRNA to Pdcd4 or control siRNA and whole-cell extracts were analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotted using antibodies against Pdcd4 and LOX (Figure 2a ). LOX is synthesized as a 50 kDa proprotein that becomes gylcosylated (58 kDa) and secreted into the extracellular matrix, where it is processed into active 32 kDa enzyme. We observed an increase in 50 kDa LOX proprotein levels in whole-cell extracts from T47DsiPdcd4 cells. b-Actin levels were used as a loading control.
An increase in LOX protein levels with Pdcd4 depletion was seen in cells showing a 3.98-fold (n ¼ 3, Po0.05) increase in LOX mRNA expression (Figure 2b) . Similarly, LOX expression was induced 1.79-fold (n ¼ 3, Po0.05) in MCF7siPdcd4 cells when compared with corresponding silencing control cells (Figure 2c ). These results confirm that Pdcd4 inhibits LOX mRNA and protein expression.
Attenuation of Pdcd4 enhances LOX activity-dependent breast cancer cell migration and invasion Increased LOX activity has been shown to mediate the invasive phenotype in aggressive breast cancer (Kirschmann et al., 2002; Payne et al., 2005; . Moreover, exogenous overexpression of LOX in breast cancer cell line MCF7 has been shown to induce an invasive phenotype in vitro (Payne et al., 2005) . Given the observed increase in in vitro cell migration and invasion in T47DshPdcd4 cells, we hypothesized that this invasive phenotype was mediated by the observed increase in LOX expression. In addition, we asked whether the increase in the intracellular LOX proprotein on Pdcd4 knockdown was accompanied by an increase in extracellular LOX activity. We used b-aminopropionitrile (bAPN), a specific and irreversible inhibitor of LOX activity, to test the predictions.
MCF7 and T47D cells stably expressing short hairpin RNA targeting Pdcd4 or scram control short hairpin RNA were analyzed for their migration (not shown) and invasiveness (Supplemental Figure 2 and Figure 3a) . As the invasive phenotype of the MDA-MB-231 cell line has been shown to be mediated by LOX (Kirschmann et al., 2002; Erler and Giaccia, 2006; , we used this cell line as a positive control. Cells were Pdcd4 inhibits lysyl oxidase AN Santhanam et al either untreated or treated with 100 or 300 mM of LOX inhibitor bAPN. Matrigel-coated or control inserts were used to assay invasion and migration potentials, respectively. Treatment with LOX inhibitor bAPN produced a dose-dependent decrease in migration and matrigel invasion (Figure 3a ) of T47DshPdcd4 cells. bAPN treatment did not affect the migration and invasion of parental cells and shcram controls. As expected, bAPN treatment inhibited the migration and invasion of the aggressive MDA-MB-231 cell line.
As different numbers of T47D (2 Â 10 5 cells/well) and MDA-MB-231 (1 Â 10 4 cells/well) cells were seeded to allow for ease of manual counting, bAPN inhibition was quantified as a percentage of control (no bAPN treatment) for each cell line. bAPN (300 mM) treatment inhibited 56% migration and 45% invasion of T47DshPdcd4 cells and this inhibition was comparable to that seen in MDA-MB-231 cells. Similar inhibition of matrigel invasion was observed in MCF7shPdcd4 subclones treated with 300 mM of bAPN (Supplemental Figure 2 ). These results indicate that the enhanced migration and invasion of cells depleted for Pdcd4 function is at least in part attributable to elevated LOX activity. Thus, Pdcd4 inhibition of LOX may have an important role in suppression of breast cancer progression.
Pdcd4 inhibition of hypoxia-induced breast cancer cell migration and invasion is mediated by LOX repression
Recent studies have implicated LOX in hypoxiamediated breast cancer metastasis (Kirschmann et al., 2002; Erler and Giaccia, 2006; Postovit et al., 2008) . Hypoxia response is important in tumor survival and metastasis. The role, if any, of Pdcd4 in hypoxia response is unknown. To determine the effect of Pdcd4 in hypoxia-induced breast cancer cell invasion phenotype, we assayed the migration and invasion of T47DshPdcd4 cells. Poorly invasive T47D parental cells were used as negative control with high Pdcd4 and low LOX levels, whereas MDA-MB-231 cells were used as positive control with low Pdcd4, high LOX and high invasiveness. Serum-starved cells were seeded into 24-well chambers with and without matrigel. Half of the cells were grown in normoxia (21% O 2 ) and the other half were grown in a hypoxic chamber (1% O 2 ). The number of migrated or invaded cells was plotted as a ratio of the number of cells migrated or invaded in hypoxia relative to normoxia for each cell line (Figures 4a and b) . T47DshPdcd4 cells demonstrated an enhanced migration and invasive phenotype under hypoxic conditions, whereas the parental T47D and T47Dshscram control cells did not show a significant difference between normoxia and hypoxia. Interestingly, To determine whether the enhanced breast cancer cell migration and invasion phenotype of T47DshPdcd4 cells under hypoxia was mediated through LOX activity, we knocked down LOX expression with siRNA. T47DshPdcd4 and the control cell lines transiently transfected with 5 nM siLOX (Dharmafect) demonstrated 95% downregulation in LOX mRNA expression as determined by quantitative RT-PCR (Figure 4c ). Interestingly, silencing LOX expression in Pdcd4 knockdown cells (T47DshPdcd4siLOX cells) significantly reversed the enhanced matrigel invasion seen in T47DshPdcd4 cells (Figure 4d ) under both normoxic and hypoxic growth conditions. This result suggests that increase in LOX activity contributes to the enhanced matrigel invasion in T47D cells attenuated for Pdcd4 function, under both normoxic and hypoxic growth conditions.
Pdcd4 inhibits hypoxia-induced LOX expression
Loss of Pdcd4 enhances LOX activity-dependent invasion of breast cancer cells under hypoxic growth conditions. To determine whether this effect occurred as the result of an increase in LOX expression, we analyzed LOX mRNA and protein levels under nor- A hyperactive AKT/mTOR signaling pathway is a hallmark of 30-40% of hormone-responsive breast tumors (Schmitz et al., 2004; Kirkegaard et al., 2005) . Akt-phosphorylation of Pdcd4 targets the protein for proteosomal degradation. We attempted reversal of upregulated LOX by reintroducing Pdcd4 both constitutively and through a drug-inducible system (TET On) in MDA-MB-231 cells. This reintroduction of Pdcd4 had only minimal nonsignificant effects on LOX expression in these cells (data not shown). Such a result is not unusual, as cell lines derived from aggressive tumors often develop multiple strategies to shut down or bypass tumor-suppressor expression and function. As we were unable to perform a Pdcd4 rescue experiment in the T47DshPdcd4 cell line, we used a T47D cell line stably overexpressing constitutively active AKT (myr-AKT). Pdcd4 downregulation by myr-AKT (Figure 5c ) also resulted in increased LOX expression (Figure 5d ). The increase was significant only under hypoxia, suggesting additional mechanisms involved in AKT regulation of LOX expression. Nevertheless, transient overexpression of a degradation-resistant Pdcd4 mutant (pPdcd4-TM) (Figure 5e ) significantly reversed hypoxiainduced LOX expression in T47DmyrAKT cells. Thus, Pdcd4 levels limit LOX mRNA expression. AKTmediated degradation of Pdcd4 during breast cancer progression may have an important role in an increased sensitivity to hypoxia-induced LOX expression.
Pdcd4 regulation of LOX occurs by an HIF-independent mechanism
Previous studies have demonstrated a hypoxia-inducible factor-1 (HIF-1)-responsive element (HRE) in the LOX promoter . Interestingly, HIF-1a protein is not induced under normoxia in cells depleted of Pdcd4, whereas hypoxia response was fairly normal in all cell lines as evidenced by hypoxia-responsive HIF-1a protein expression (Figure 6a ). To further confirm this result, we tested hypoxia-induced transcriptional response at varying Pdcd4 levels. T47D (parental, shPdcd4 and shscram) cell lines were transiently transfected with the HRE-luciferase reporter, the luciferase expression of which is driven by the HIFresponsive element (HRE) in the promoter. As seen in Figure 6a , HRE-luciferase expression was low in all three cell lines under normoxic growth conditions. Moreover, the level of induction of HRE-luc expression under hypoxia was similar, regardless of the Pdcd4 levels in these cells. Having previously shown that Pdcd4 specifically inhibits AP-1-dependent transcription, we tested the tumor promoter-induced transactivation of a transiently transfected AP-1-luciferase reporter expression in all three cell lines ( Figure 6b ). As expected, loss of Pdcd4 rendered T47DshPdcd4 cells more susceptible to 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced AP-1 transactivation. Collectively, these results suggest that Pdcd4 inhibits LOX expression through an HIF-1-independent mechanism.
Discussion
This study identifies LOX, an extracellular matrix remodeling enzyme, as a target of Pdcd4. Knockdown and rescue experiments demonstrate that Pdcd4 negatively regulates LOX gene expression under both normoxic and hypoxic growth conditions. Loss of Pdcd4 in nonaggressive cells (T47D, MCF7) increases their sensitivity to hypoxic growth conditions. This increased sensitivity to hypoxia is reflected in enhanced expression of LOX and LOX activity-dependent increased invasiveness.
LOX has been shown to have contradictory roles in cancer progression (Payne et al., 2007) . Whereas the overexpression of the LOX gene and the increased activity of LOX enzyme have been implicated in enhanced invasion and breast cancer metastasis, the 18 kDa LOX propeptide, a by-product of the processing of the 50 kDa LOX proenzyme, functions as a tumor suppressor in H-RAS-mediated tumorigenesis (Jeay et al., 2003; Min et al., 2007) . The increased LOX enzyme activity contributes to the increase in migration and invasion observed in T47D shPdcd4 cells, as bAPN, an inhibitor of LOX activity, inhibits the invasion. Because bAPN also inhibits other members of the LOX multigene family comprised of LOX-like enzymes (LOXL, LOXL-3, LOXL-4) (Payne et al., 2007) , we validated our results by specifically inhibiting the expression of the LOX gene using a siRNA to LOX. The results are most consistent with a mechanism in which LOX overexpression and activity under hypoxic growth conditions promote tumor cell invasion. Interestingly, both T47DshPdcd4 and MCF7shPdcd4 cells inhibited for LOX activity show residual matrigel invasion relative to controls. This suggests that other Pdcd4-targeted genes also contribute to regulating invasion. Previous studies have demonstrated an HIF-1-responsive element in the LOX promoter (Smith-Mungo and Kagan, 1998; . However, our results demonstrate that hypoxia alone cannot significantly induce LOX expression in T47D cells. This is not because of a lack of hypoxia response in T47D cells, as both stabilization of the HIF-1a protein and HREluciferase reporter expression occur as expected. Interestingly, loss of Pdcd4 does not affect HIF-1a protein stabilization or HRE-luciferase expression in response to hypoxia. Thus, Pdcd4 may regulate only a subset of hypoxia-response genes. A further identification of any such genes is currently in progress.
Together, these results are consistent with a model wherein hypoxia synergizes with Pdcd4-regulated HIF-1-independent mechanisms to upregulate LOX. Interestingly, LOX expression was recently reported to be only partially HIF-1a responsive in cell lines (Postovit et al., 2008) . In metastatic breast tumor cells, LOX expression is no longer under HIF-1 regulation (Postovit et al., 2008) . We postulate that these HIF-1-independent mechanisms are mediated through Pdcd4-regulated transcription factors such as SP-1 and AP-1 that may bind cis elements in the transcriptional promoter of LOX. As expected, loss of Pdcd4 does enhance tumor promoter TPA-induced AP-1 luciferase reporter expression (Figure 6b ). Interestingly both SP-1-and AP-1-binding sites are present and conserved in the LOX promoter in mice, rats and humans (Csiszar et al., 1996; Tan et al., 1996) . Thus, according to our model (Figure 6c ), under normoxic growth conditions, Pdcd4 inhibits LOX expression and therefore the invasive potential of cells. Loss of Pdcd4 during tumor progression results in a moderate increase in LOX expression and tumor cell invasion. However, this effect is further enhanced when tumors are exposed to a hypoxic microenvironment. The model thus proposes a tantalizing notion that loss of Pdcd4 early during carcinogenesis could be indicative of a later adaptive response to hypoxia leading to tumor invasion and metastasis. Figure 6 Pdcd4 regulates LOX expression by an HIF-1-independent mechanism. Hypoxia response was monitored by expression of HRE-luciferase reporter transfected into T47D parental, shscram and shPdcd4 cell lines grown under normoxic and hypoxic conditions (a). Response to TPA treatment was monitored using the AP-1-luciferase reporter transiently transfected into the above cell lines (b). Cells were then treated for 18 h with dimethylsulfoxide or TPA. Results were from three independent transfections (n ¼ 9). Proposed model for the role of Pdcd4 in hypoxia induction of LOX (c). Pdcd4 suppresses breast cancer cell invasion by inhibiting the expression of LOX (i). Pdcd4 depletion enhances LOX expression and LOX activity-dependent invasive potential of T47D cells under normoxia (ii). Loss of Pdcd4 increases sensitivity to hypoxia-induced breast cancer cell migration, invasion and, possibly, metastasis through HRE-independent regulation of LOX expression (iii).
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The only direct molecular function identified for Pdcd4 is its role in the inhibition of mRNA translation (Yang et al., 2003a (Yang et al., , 2004 . Pdcd4 binds to and inhibits the function of the mammalian mRNA initiation factor eIF4A. The RNA helicase activity of eIF4A is essential for efficient translation of mRNAs that possess a complex 5 0 UTR secondary structure. Binding of Pdcd4 inhibits this RNA helicase activity and prevents efficient translation initiation. Although the 'direct' mRNA targets of Pdcd4 are as yet unknown, those genes the transcription of which is negatively regulated by Pdcd4 are considered as 'indirect' targets. Thus, LOX seems to be an indirect functionally significant transcriptional target of Pdcd4. We speculate that Pdcd4 inhibits translation of an as yet unidentified transcription factor (or an upstream activating kinase) that in turn activates LOX gene expression. Analysis of the promoter of LOX will take us a step closer to identifying the molecular mechanism of regulation by Pdcd4.
Three molecular mechanisms directly or indirectly regulate Pdcd4 expression and function, namely, AKT kinase activity (Dorrello et al., 2006; Schmid et al., 2008) , transforming growth factor-b signaling (Zhang et al., 2006; Davis et al., 2008) and microRNA miR21 activity (Asangani et al., 2008; Lu et al., 2008; Zhu et al., 2008) . It is interesting to note that all three of these molecular mechanisms can be influenced by a hypoxic microenvironment Kulshreshtha et al., 2008) . A recent study by Atsawasuwan and co-workers shows that the mature LOX enzyme can negatively regulate transforming growth factor-b signaling in bone (Atsawasuwan et al., 2008) . Interestingly, transforming growth factor-b-induced apoptosis in hepatocellular carcinoma was shown to be mediated by Pdcd4 (Zhang et al., 2006) . In addition to transforming growth factorb-mediated regulation, Pdcd4 mRNA translation is negatively regulated by microRNA miR21. Hypoxia has also been shown to regulate the expression of a specific set of microRNAs, among them miR21 (Kulshreshtha et al., 2007) . Finally, increased AKTkinase activity targets Pdcd4 protein for ubiquitinmediated proteosomal degradation. AKT signaling mediates angiogenesis and cancer progression through HIF-1-dependent mechanisms in certain cancers, but not all (Arsham et al., 2004; Bedogni et al., 2005; Li et al., 2005) . However, as we did not observe a decrease in Pdcd4 mRNA expression or protein levels in response to hypoxia alone in the T47D parental cell line, the role of these pathways in Pdcd4 regulation of LOX in breast cancer cells is unclear. Further examination of the correlation of AKT activity and miR21, Pdcd4 and LOX expression in the context of hypoxia-mediated breast carcinogenesis is thus required. Nonetheless, the inhibitory effect of Pdcd4 on induction of LOX seems to be functionally significant for cancer cell invasiveness in vitro.
In summary, these findings are the first to implicate loss of Pdcd4 in an enhanced hypoxic response in breast cancer cells. This observation adds to the already demonstrated regulation of tumor microenvironment by Pdcd4. Hypoxia has been shown not only to interfere with radiation therapy but also to enhance metastasis in various cancers including breast. The identification of Pdcd4 as a modulator of hypoxic response in tumors suggests its utility for prognosis of disease outcome. Thus, stabilization of Pdcd4 protein or increased expression of Pdcd4 may prove to be viable options for preventing tumor progression and metastasis in response to hypoxia.
Materials and methods
Cell culture
The noninvasive breast cancer cell lines T47D, MCF7 and the invasive cell line MDA-MB-231 were obtained from ATCC. Cells were grown in complete Dulbecco's modified Eagle's medium (DMEM) (10% fetal bovine serum, 25 mg/ml gentamicin, 2 mM L-glutamate). Individual subclones of each stable cell line were obtained and analyzed for Pdcd4 levels similar to the corresponding parental cells. Cells were either grown under normoxia (21% O 2 ) or incubated in hypoxic chambers with 1% O 2 , with 5 % CO 2 at 37 1C for the times indicated.
Plasmid and retroviral vector design
For stable knockdown of Pdcd4, shPdcd4 (5 0 -GATCCCGGT GGCTGGAACATCTATTTTCAAGAGAAATAGATGTTC CAGCCACCTTTTA-3 0 ) and shScram (5 0 -GATCCCTTCTCC GAACGTGTCACGTTTCAAGAGAACGTGACACGTTCG GAGAATTTTA-3 0 ) sequences were cloned into BglII and HindIII sites in pSuper.retro.puro. For creating T47D myr-AKT cells, we used pSR MSVtkneo originated in Philip Tsichlis' laboratory and generously provided by Phillip Dennis, NCI. Myristylated AKT fused to a C-terminal hemagglutinin epitope tag was cut from the donor vector by SalI and NotI digest and inserted into pFB-Neo (Stratagene, Santa Clara, CA, USA). For stably overexpressing Pdcd4, we amplified human Pdcd4 cDNA with primers designed to add restriction sites to both the 5 0 and 3 0 ends of the gene. We chose EcoRI and XhoI sites to allow for insertion of the gene in correct orientation into pcDNA3.1.
Retroviral packaging and transduction GP2-293 packaging cells (Clonetech, Mountain View, CA, USA) were seeded at 6 Â 10 6 cells in 100 mm collagen I-coated dishes (BD Biosciences, San Jose, CA, USA). At 24 h after seeding, the medium was removed and replaced with 5 ml DMEM without antibiotics. Transfection complexes were prepared by adding 60 ml TransIT-293 transfection reagent (Mirus, Madison, WI, USA), 10mg appropriate vector and 10 mg of the retroviral vector pVSV-G (Clonetech) to Optimem I media (Invitrogen, Carlsbad, CA, USA), with a final volume of 1 ml. Viral supernatants were collected between 48 and 72 h after transfection and were then cleared of cellular debris by filtration through a 0.45 mm polyvinylidene difluoride syringe filter.
T47D cells were seeded at 1 Â 10 6 cells in 100 mm dishes. The following day, the medium was removed and replaced with 10 ml of cleared viral supernatant containing 5 mg/ml polybrene. After 24 h of viral infection, the viral supernatants were removed and cells were reseeded in DMEM containing 10% fetal bovine serum, gentamicin, and 1 mg/ml puromycin or 800 mg/ml neomycin as appropriate. After 2 weeks of antibiotic selection, pooled clones were maintained in complete DMEM with 500 ng/ml puromycin or 400 mg/ml neomycin. Clonal T47DshPdcd4, T47Dshscram, MCF7shPdcd4 and MCF7shscram stable cell lines were generated by single-cell dilution. Relative levels of Pdcd4 overexpression were determined by western blot. Clones exhibiting the relative Pdcd4 expression to parental cell lines for shscram and those exhibiting maximal Pdcd4 knockdown with shPdcd4 were chosen for further analysis.
RNA interference T47D and MCF7 breast cancer cells were transfected with siRNA specifically designed to silence the Pdcd4 gene (siPdcd4) or a nonsilencing control. The sequence of Pdcd4-specific siRNA was 5 0 -GGUGGCUGGAACAUCUAUU-3 0 and that of silencing control was 5 0 -TTCTCCGAACGTGTC ACGT-3 0 . Short hairpin RNA against Pdcd4 (shPdcd4) and shScram control (shscram) were designed using the above sequences as a basis. The siRNA to LOX was obtained from Dharmacon (Lafayette, CO, USA). Cells were transfected with siRNA using either Fugene6 (Roche, Indianapolis, IN, USA) or Dharmafect1 (Dharmacon). Establishment of stable knockdown of Pdcd4 in T47D cells is described above.
Migration and invasion assays
The modified Boyden chamber/matrigel assay was performed according to the manufacturer's directions (BD Biosciences). For in vitro migration assays, we used chambers with control inserts that lacked the matrigel coating. For ease of counting migrated and invaded cells, different numbers of total cells were plated for the T47D and MDA-MB-231 cells. Briefly, 2 Â 10 5 T47D cells/well and 1 Â 10 4 MDA-MB-231 cells/well were resuspended in serum-free DMEM and seeded in triplicate in matrigel-coated and uncoated control inserts. DMEM with 10% serum was used as a chemoattractant in the lower chamber. Chambers were incubated under normoxic (21% O 2 ) or hypoxic (1% O 2 ) conditions for 24 h. For treatment with bAPN, the inhibitor was added to cells 24 h before serum deprivation and also to the lower chamber throughout the experiment. After 24 h, the cells that did not migrate or invade were removed by scraping with a cotton swab. The migrated and invaded cells were fixed and stained with the Diff-Quik stain kit (Dade Behring, Newark, DE, USA). Cells were photographed and counted for quantification. Results were calculated as the mean number of cells of triplicate measurements that migrated or invaded to the lower chamber and described as fold migration or invasion relative to the control parental cell line. The number of invaded or migrated cells per insert was determined by counting the center field plus up to four surrounding, nonoverlapping fields. The center field is depicted in the figures. Statistical significance was established by analysis of variance (Po0.05).
Immunobloting Indicated cells (1 Â 10 6 cells/100 mm dish) were grown under normoxic (21% O 2 ) or hypoxic (1% O 2 ) growth conditions for 24 h. Whole-cell extracts were prepared by lysing cells with 300 ml of nondenaturing lysis buffer (20 mM HEPES-KOH at pH 7.6, 100 mM KCl, 0.5 mM EDTA, 20% glycerol, 0.5% Triton X-100, 1 Â protease inhibitor cocktail) for 30 min at 4 1C. A volume of 30 mg of total lysate was used for western blot analysis except in the case of detecting LOX proenzyme, in which case, 80 mg of total protein was analyzed by SDSpolyacrylamide gel electrophoresis. b-Actin levels were monitored as a loading control. Polyclonal antibody to LOX was used at a concentration of 1:1000 (Payne et al., 2005) . Polyclonal antibody to Pdcd4 has been described before (Rockland Immunochemicals, Gilbertsville, MD, USA; Schmid et al., 2008) . Monoclonal antibodies to HIF-1a and b-actin were obtained from BD Biosciences and Sigma (St Louis, MO, USA), respectively, and used according to the manufacturer's recommendation. Densitometry data were obtained using NIH ImageJ (Bethesda, MD, USA), and the relative intensity of detected bands was normalized to intensity in lane 1 for each protein blot.
Luciferase reporter assays
Cell lines indicated in the figure legends were transiently transfected with either 4xAP-1-luciferase or HRE-luciferase reporter plasmids as described previously (Melillo et al., 1999; Yang et al., 2003b Yang et al., , 2006 . Cells (1 Â 10 4 cells/well in 24-well plate) were transiently transfected with 0.25 mg of reporter plasmid (pcDNA3.1-4xAP1-Luc or pcDNA-HRE-Luc), along with 10 ng of phRL-TK (Renilla luciferase) control plasmid using Fugene 6 as the transfection reagent. To test hypoxia response, transfected cells were incubated under either normoxic or hypoxic growth conditions for 24 h. For TPA treatments, transfected cells were serum starved in DMEM with 0.2% fetal bovine serum for 24 h to lower the AP-1 background to basal levels. Cells were then treated with either TPA (10 ng/ml) or dimethylsulfoxide for an additional 24 h. Cells were then lysed in 100 ml of 1Â passive lysis buffer (Promega, Madison, WI, USA). Aliquots (25 ml) of lysates were analyzed for luminescent signal with a Microtiter Plate Luminometer (Dynex Technologies, Chantilly, VA, USA). Luciferase activity of each sample was normalized against Renilla luciferase monitored for transfection efficiency. Results (average light units) were expressed as mean±s.d. Experiments were repeated three times in sextuplicate, and representative data are shown as percentage control.
RT-PCR and quantitative RT-PCR
Cells were grown in appropriate growth conditions and treated with LOX inhibitor bAPN, where indicated. Total RNA was isolated using Triozol and further purified using the RNeasy kit (Qiagen, Valencia, CA, USA). A volume of 1 mg of total cellular mRNA was reverse transcribed into cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) and oligo(dT) primer. For RT-PCR and quantitative RT-PCR for LOX, Pdcd4 and CA-9 gene primers were obtained from Dharmacon. CA-9 expression was monitored as a surrogate for hypoxia (Pastorek et al., 1994; Ivanov et al., 1998) . Expression of 18s RNA (primers from Ambion, Austin, TX, USA) was used for normalization. RT-PCR products were run on 0.8% agarose gels and imaged using GEL Logic imaging (Rochester, NY, USA). Relative intensity was measured using KODAK MI software (Rochester, NY, USA) and normalized to intensity in lane 1 for each gene. Quantitative RT-PCR was carried out by SYBR Green I-based detection using the iQ5 Real-Time PCR Detection System (Bio-Rad). DC t values were defined as LOX C t minus 18 s RNA C t and averaged for each triplicate sample. Statistical significance was determined by Student's t-test analysis (Po0.05).
